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Coupling between dynamic strain and magnetization in ferromagnetic thin films has attracted
special consideration as it presents both intriguing fundamental physics problems and technological
importance for potential multi-functional devices and information handling. The dynamic strain
can be generated by acoustic waves including bulk, surface or guided waves. To achieve a high
coupling between the magnetization and the dynamic stress one might choose the right acoustic
wave polarization and the right initial magnetic state of the ferromagnetic film. In this work, we
propose the theoretical and experimental investigation of the interaction of pure shear horizontal
(SH) wave with a uniaxial multilayered TbCo2/FeCo thin film (in-plane magnetization) in a delay
line configuration fabricated on Quartz ST-90°X cut. We evaluate theoretically the evolution of
phase velocity as a function of magnetic field and experimentally the variation of S21 transmission
coefficient (amplitude and phase). A piezomagnetic model was developed allowing us to calculate the
elastic stiffness constants of the multi-layer as a function of the applied magnetic field. The model
was also implemented for acoustic waves dispersion curves calculation. We show that the evolution
of phase velocity is dominated by the C66 elastic stiffness constant variation as expected for the
case of shear horizontal surface wave. The fabricated device let us exciting both fundamental and
third harmonic shear mode at 410 MHz and 1.2 GHz, respectively. For both modes, the theoretical
results corroborate very well the experimental ones. At 1.2 GHz the mode exhibits a maximum
phase velocity shift close to 2.5 % and an attenuation reaching 500 dB/cm, for a sensitivity as
high as 250 ppm/Oe. The reported theoretical model and experimental results are of tremendous
interest for the development of advanced devices for magnetic field sensing applications as well as
investigating magnon-phonon interaction at a fundamental level.
INTRODUCTION
Magnetic field sensing is widely used for numerous
applications ranging from navigation and positioning
systems (e.g. inertial unit), magnetic anomaly detec-
tion (MAD), to electrical current sensors or biomag-
netic signals sensors (e.g. magneto-cardiography (MCG),
magneto-encephalography (MEG), hepatic iron concen-
tration (HIC). . . ). In such applications, common de-
mands concerning the sensors capabilities are: room tem-
perature operation, compact size for high spatial reso-
lution or limited available space, and low power con-
sumption. For the past few years, SAW based sensors
have emerged as a promising technology to fill the afore-
mentioned criteria. More precisely, concerning magnetic
field sensing, the use of magnetostrictive composites be-
ing able to convert magnetic energy to mechanical en-
ergy and vice-versa shows very promising performances.
When biased with a magnetic field, strain/stress is in-
duced in the magnetostrictive thin film due to the natural
alignment of the magnetization along the external per-
turbation leading to elastic strain. Therefore, the elastic
moduli (mainly Young’s modulus E and shear modulus
G) of the magnetostrictive thin film are modified and
thus, the SAW propagation velocity. The modification of
the elastic properties of magnetostrictive composites un-
der a bias magnetic field is known as ΔE/G-effect [1–3].
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Typically, in a sensor configuration, a magnetostrictive
thin film is coated onto the propagation path of a SAW
device in an acoustic waveguide. Various kind of waves,
differing from their polarization and velocity, can be ex-
cited. The so-called Rayleigh wave shows mainly vertical
shear and longitudinal displacements with a penetration
depth close to twice wavelength. Therefore, the propa-
gation of Rayleigh waves is only magnetically sensitive
to magnetoelastic alteration of E. On the other hand,
shear horizontal waves shows in-plane shear motion, par-
allel to the magnetic thin film. In amorphous magnetic
thin film with thicknesses greater than 50 nm, magneti-
zation is usually confined in-plane. Therefore, the wave
propagation is mainly dependent on the shear modulus
G. The effect of elastic moduli bias field dependency on
wave velocity must be regarded towards the penetration
depth in the magnetic thin film localized at the top of the
substrate in order to assess the sensitivity. Magnetically
tunable SAW devices have been investigated through two
main acoustic waveguides, the delay line configuration
[4–10] and the resonator structure (one or two-port SAW
resonator [11–14] or thin film/plate resonator exploiting
ΔE-effect [15, 16] or based on magnetoelectric effect [17–
21]). Recent progress in the elaboration of new magneto-
elastic materials such as multilayered piezomagnetic com-
posites make them widely used in the development of
sensors, actuators, but also solid state memories [22] due
to their large magnetostrictive coefficient, compared to
single phase materials. Some meaningful works report-
ing the interaction between magnetostrictive materials
(FeGa, Ni, TbFe2, TbCo2, FeCo, FeCoSiB) and surface
2acoustic waves are worthwhile mentioning here. Coupling
between dynamic strain and magnetization was investi-
gated through either resonant or non-resonant interac-
tion. In non-resonant interaction, the magneto-elastic
coupling induces the shift of the acoustic wave disper-
sion curves, and the SAW-induced strain can be used
to modify quasi-statically the ferromagnetic thin film
magneto-elastic anisotropy. In resonant coupling, the dy-
namic strain is used to induce the magnetization preces-
sion (FMR) when magnon and phonon dispersion curves
are crossing each other. Concerning non-resonant inter-
action, Li et al. [6] reported the design of a magnetic
field sensor based on a highly magnetostrictive galfenol
(FeGa) 500 nm thick film deposited on Quartz ST-cut
showing a maximum velocity shift of 0.64% at 158 MHz.
Zhou et al. [10] conducted the experimental and theo-
retical study of a SAW delay line based on multilayered
TbCo2/FeCo nanostructured thin film deposited on Y-
cut LiNbO3. Very good agreement was reached between
theoretical predictions and experimental data, both for
Rayleigh and shear mode with a maximum phase ve-
locity shift close to 0.2%. Elhosni et al. [23] investi-
gated experimentally and theoretically the use of Ni and
CoFeB as sensing materials in a delay line configuration
on LiNbO3 YX-128° coated with ZnO. A maximum sen-
sitivity of 16 ppm/mT was reached with CoFeB at 460
MHz. Kittmann et al. [5] presented FeCoSiB thin film
coated Love type SAW device for sensing magnetic field
with a very low magnetic noise level, 100 pT/
√
Hz. The
highest velocity shift ever observed through giant ΔE-
effect was obtained in single crystal magnetostrictive sub-
strate coated with piezoelectric material SAW structure.
Webb et al. [8] proposed rare-earth iron single crystal
substrate coated with a ZnO layer to induce SAW veloc-
ity shift in excess of 2%. The resonator structure was also
investigated and noticeable results were also obtained.
Smole et al. [12] proposed a one port resonator in a
FeCoSiB/ZnO structure with a tuning range of about
1.2% at 1.2 GHz. Kadota et al. [14] showed the first
the excitation of a pure shear horizontal SAW on Quartz
ST-X90° cut to design resonators as magnetic field sen-
sor. A one port resonator composed of Ni IDTs with
sensitivity to magnetic field close to 8 ppm/Oe was de-
signed. More recently, Liu et al. [13] also reported a one
port resonator on this substrate with Ta IDT, SiO2 layer
and FeCoSiB as magnetostrictive layer with a relative
frequency shift of 0.5% at 220 MHz. Dynamic strain and
magnetization coupling is also interpreted as ferromag-
netic resonance (FMR) by some research teams [24–28].
Thevenard et al. [26] showed the dynamic strain effect
on a magnetic semiconductor (essentially magnetization
reversal) coated with a ZnO layer and obtained a ve-
locity shift close to 0.007% and an attenuation close to
1 dB/cm at 549 MHz. Dreher et al. [27] investigated
acoustic wave driven FMR (ADFMR) in Ni thin film us-
ing a SAW delay line configuration on LiNbO3 at high
frequency. The maximum velocity shift observed at 2.24
GHz was close to 1.4% with an attenuation close to 1
dB/cm at 170 MHz and 160 dB/cm at 2.24 GHz. La-
banowski et al. also investigated ADFMR in Ni thin film
in a delay line configuration on Y-cut LiNbO3 and an
attenuation of 500 dB/cm at 2.5 GHz for a 20 nm thin
film thickness was claimed by the authors.
This humble review of the major research work re-
ported in literature concerning the coupling between dy-
namic strain and magnetization in ferromagnetic thin
films, reveals two different approaches: this coupling
can be regarded as a pure magnetoelastic effect (non-
resonant interaction) inducing wave propagation veloc-
ity shift roughly close to 1%, or interpreted as a res-
onant phenomenon due to magnon-phonon coupling in
what is reported as ferromagnetic resonance (FMR) with
velocity shift comparable to the one quoted previously,
rather small compared to the exalted variations expected
due to the resonance phenomenon. Both approaches use
similar acoustic waveguides operating in the same fre-
quency range with ferromagnetic thin film showing differ-
ent magnetostriction coefficient (weak for Ni but higher
for TbCo2/FeCo), reports similar SAW behaviour with
respect to the magnetic field (with regards to the wave
polarization and the magnetization state), but are inter-
preted as a different physical coupling. This truly raises
questions about the true physical couplings ruling dy-
namic strain and magnetization behaviour in such ferro-
magnetic material with respect to the magnetic field.
Therefore, to add our contribution, we propose to
study in this work, pure shear horizontal wave on Quartz
ST-X90° cut. The use of pure shear waves is guided by
some preliminary results obtained by [22] on a magneto-
electric memory based on a giant magnetostrictive mul-
tilayered TbCo2/FeCo. In such multilayered material,
the in-plane uniaxial magnetization tends to rotate in-
plane when biased with a magnetic field along its hard
axis, leading to induced shear stress/strain due to mag-
netostriction. Therefore, an external piezoelectric stress
can be used to switch magnetization between two stable
states. This magnetoelastic coupling is exploited in sur-
face acoustic wave devices where the rotation of the mag-
netization leads to the variation of the elastic stiffness
constants of the material and thus, to the modification
of the wave propagation velocity. This approach differs
from the use of longitudinal (including Rayleigh wave)
[6, 10, 23, 27] and transverse vertical waves mainly used
to excite thickness-dependent stress modes. The mag-
netization behaviour is enhanced by Spin Reorientation
Transition (SRT) [29] occurring when the bias magnetic
field is equal to the anisotropy field HA, amplifying the
elastic stiffness variation. Therefore, the use of pure shear
waves is aiming at taking full benefit from the magnetiza-
tion behaviour formerly observed in multilayered nanos-
tructured TbCo2/FeCo thin film leading to giant elastic
stiffness variation with respect to a bias magnetic field.
Benefiting from the very low shear wave velocity of the
multilayered magnetostrictive thin film (high density and
soft material), the proposed structure allows the excita-
tion of guided wave in the multilayered thin film without
3the need of silicon dioxide as a guiding layer as is usually
the case for Love wave acoustic waveguide [5, 13]. This
approach proves to be perfectly relevant to design highly
sensitive SAW magnetic field sensor.
The paper is structured as follows: the magnetoelastic
coupling between pure SH wave and a uniaxial nanos-
tructured multilayered magnetostrictive thin film is first
described through the equivalent piezomagnetic model
in Section I. Measurements performed on the fabricated
SAW devices are then reported in section II, as well as
the comparison with the theoretical data to validate the
piezomagnetic model.
I. THEORETICAL CONSIDERATIONS
A. SH surface wave in Quartz ST-90° X cut
The Quartz ST-cut is a popular piezoelectric mate-
rial used for decades to design SAW filters, sensors or
temperature stabilized SAW devices. SAW devices are
characterized by three main parameters: phase velocity,
electromechanical coupling coefficient (K2), and temper-
ature coefficient of frequency. These parameters usually
depend on the the substrate orientation and wave prop-
agation direction (here, relative to the x-axis through
Ψ, arbitrary chosen). A numerical method developed
in a previous work [30] to compute the dispersion curves
and mode shapes of elastic waves in layered piezoelectric-
piezomagnetic composites is used to obtain the phase ve-
locity and the mode shapes existing in Quartz ST-cut
(Euler angles (0°, 132.75°, Ψ)) depending on the propa-
gation direction Ψ.
The phase velocities of the main surface modes existing
in Quartz ST-cut depending on the direction of propa-
gation Ψ are reported in FIG. 1. The pure SH mode is
depicted in magenta in FIG. 1 and FIG. 2
In order to assess the predominant mode of propaga-
tion in such material depending on the in-plane direction
Ψ, the electromechanical coupling coefficient K2 is then
computed for each mode and is given by
K2 = 2
vco − vcc
vco
, (1)
where vco and vcc are the phase velocities of the open
and short circuit boundary condition. The dependency
of the electromechanical coupling coefficient with Ψ is
given in FIG. 2. The first relevant mode corresponds
to the Rayleigh wave (3158 m/s) for Ψ = 0◦ with K2
= 0.14%. For Ψ = 90◦, the solely coupled mode are
shear surface modes. The fundamental mode is depicted
in magenta and shows a K2 and phase velocity of 0.15%
and 5000m/s respectively. The other two coupled modes
for Ψ = 90◦ are higher order of the SH surface modes.
The relative displacement field (Ux, Uy, Uz) of this mode
is computed along the propagation direction Ψ and re-
ported in FIG. 3. It is evident that this mode turns into a
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FIG. 1. Phase velocity of Quartz ST-cut surface modes as a
function of the propagation direction Ψ.
pure shear horizontal mode when Ψ = 90◦, the shear hor-
izontal component Ux being the only one to exist. FIG. 4
shows that Ux decreases almost to zero within a depth of
3λ. Thus, the SH mode is intrinsically a guided surface
acoustic wave, and most of the energy is trapped on the
propagation surface with no spurious coupling.
Therefore, the SH mode is only carrying an in-plane
unidirectional shear displacement, perpendicular to the
direction of propagation. In the following section, the in-
teraction with a magnetostrictive material (multilayered
nanostructured TbCo2/FeCo) is investigated through the
equivalent piezomagnetic model.
B. Equivalent piezomagnetic model
The equivalent piezomagnetic model was developed
previously by the authors to assess magnetoelastic cou-
pling in piezo-electro-magnetic composites (for further
details, see [10, 30]). The piezomagnetic equations are
obtained by considering a magnetoelastic wave in a fer-
romagnetic thin film deposited on a piezoelectric sub-
strate or membrane (see Fig. 5), and linearizing the cou-
pled equations for the mechanical and magnetic systems
(Newton’s equation of motion and Landau-Lifshitz equa-
tion) around a ground state position of the magnetization
(depending on the direction and magnitude of the bias
field). In the coordinate system described in FIG. 5 the
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FIG. 2. Electromechanical coupling coefficient K2 of Quartz
ST-cut modes as a function of the propagation direction Ψ.
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FIG. 3. Displacement field of Quartz ST-cut shear mode as a
function of the propagation direction Ψ.
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FIG. 4. Relative displacement amplitude Ux and normalized
penetration depth for Quartz ST-cut SH mode (Ψ = 90◦).
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FIG. 5. System coordinates used in the piezomagnetic model
piezomagnetic equations are given by
ρ
∂2ui
∂t2
=
∂σij
∂xj
, (2)
∂bi
∂xi
=
∂(µ0(hi +mi))
∂xi
, (3)
where ρ is the density of the ferromagnetic thin film,
ui is the i
th component of the particle displacement, xi
denotes the Eulerian coordinates (Einstein’s summation
convention is used, i,j,k, and l = 1,2,3 or equivalently
x, y, z) and
σij = (Cijkl +∆Cijkl)
∂uk
∂xl
− qlijhl, (4)
bi = qikl
∂uk
∂xl
+ µilhl, (5)
with Cijkl the elastic stiffness constants and where the
effective magnetic permeability µij and elastic stiffness
constants corrections ∆Cijkl are given by
µil = µ0(δil + χil), (6)
∆Cijkl = bijmn(M
0
nqmkl +M
0
mqnkl) (7)
with bijkl, the magnetoelastic constants (b1111 = b
γ,2).
The expressions of the piezomagnetic constants qijk and
the magnetic susceptibility χil can be found in [31].
In the following, we consider a uniaxial multilayered
14 x [TbCo2(3.7nm)/FeCo(4nm)] nanostructured thin film
sputtered under a bias magnetic field (C11 = 110.9 GPa,
C44 = 31.3 GPa, ρ = 9250 kg.m
-3, E = 80 GPa, bγ,2
= -8 MPa, HA = 200 Oe). The magnetization curves
measured along the easy and hard axis of the ferromag-
netic thin film with a Vibrating Sample Magnetometer
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FIG. 6. TbCo2/FeCo thin film magnetization characteristics
measured along the easy axis (blue) and the hard axis (red).
TABLE I. Non zero components of the effective elastic stiff-
ness correction tensor.
∆C11 =
−4(bγ,2)2cos2φ0sin
2φ0
U′
φφ
∆C16 =
(bγ,2)2sin(4φ0)
2U′
φφ
∆C44 =
−(bγ,2)2sin2φ0
U′
θθ
∆C45 =
−(bγ,2)2sinφ0cosφ0
U′
θθ
∆C55 =
−(bγ,2)2cos2φ0
U′
θθ
∆C66 =
−(bγ,2)2cos2(2φ0)
U′
φφ
(VSM) are reported in FIG. 6. The magnetoelastic cou-
pling induces anisotropy in the magnetostrictive thin film
and thus, cannot be considered as isotropic. The mag-
netization is supposed to remain always in the plane of
the film. For calculations, the magnetic field is applied
perpendicular to the easy axis of the magnetostrictive
thin film. Its effective elastic constants Cijkl , its piezo-
magnetic constants qijk and its relative magnetic per-
meability constants µik are computed and reported in
Appendix , FIG. 8 and FIG 9, respectively.
The expressions of the elastic stiffness corrections
∆Cijkl to Cijkl due to ∆E-effect, are given in Table I.
In these expressions, bγ,2 is the magnetoelastic coupling
coefficient of the isotropic thin film, and
U ′θθ = µ0Ms(HA(1− sin2φ0) +Hcos(φ0 − ψ) +Hme),
U ′φφ = µ0Ms(HA(1− 2sin2φ0) +Hcos(φ0 − ψ) +Hme),
(8)
where Hme = (b
γ,2)2/(µ0MsC44) is the magnetoelastic
field, φ0 and ψ the angle respect to the x-axis with mag-
netization and magnetic field, respectively. Therefore,
the elastic stiffness tensor of the magnetostrictive thin
film is modified when biased with a magnetic field and
the elastic stiffness constants are modified as follows


∆C11 −∆C11 0 0 0 ∆C16
−∆C11 ∆C11 0 0 0 −∆C16
0 0 0 0 0 0
0 0 0 ∆C44 ∆C45 0
0 0 0 ∆C45 ∆C55 0
∆C16 −∆C16 0 0 0 ∆C66

 . (9)
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FIG. 7. Evolution of the C66 elastic stiffness constant with
the magnetic field when the multilayered TbCo2/FeCo thin
film is biased along its hard axis.
The dependency of the overall elastic stiffness constants
Cijkl with respect to the magnetic field is reported in
Appendix . As described above and further detailed in
the following, the main elastic stiffness constant involved
in the wave propagation velocity is C66. Its evolution
with the magnetic field is reported in FIG. 7.
C. Analytical resolution for Shear Horizontal wave
in anisotropic media
In order to enhance the sensitivity of the surface acous-
tic wave to the magnetostrictive thin film strain when
biased with a magnetic field, there are essentially three
approaches. First, using bulk waves to exploit C11 or C22
variations, through coating of thin piezoelectric plates, or
interaction with a Rayleigh wave, mainly sensitive to C11.
Second, manufacturing magnetostrictive thin film with
out-of-plane anisotropy to use C33 variations (not con-
sidered here, since the magnetization remains in-plane).
Third, using shear surface acoustic waves to take advan-
tage of the C66 dependency with the magnetic field. The
latter option was retained, and Quartz ST-X90° cut was
chosen for its pure shear horizontal wave to exploit the
induced shear stress/strain of the magnetostrictive thin
film.
The velocity dependency with a bias magnetic field
of the pure SH mode propagating in this piezo-electro-
magnetic composite can be easily obtained analytically
for anisotropic media (both substrate and thin layer with
elastic stiffness matrix included in the monoclinic system
case). The coordinate system used in this study is de-
6qij =


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FIG. 8. Magnetic field dependency of the piezomagnetic constant tensor when a bias magnetic field is applied along the hard
axis of a multilayered TbCo2/FeCo thin film on Quartz ST-X90° cut.
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FIG. 9. Magnetic field dependency of the relative magnetic
permeability constant tensor when a bias magnetic field is
applied along the hard axis of a multilayered TbCo2/FeCo
thin film on Quartz ST-X90° cut.
picted in FIG 10. For simplicity, the piezoelectricity is
neglected. The magnetostrictive layer (0 < z < h) is
designated as medium (1) with displacement u
(1)
1 (y, z, t),
density ρ1 and elastic constants cij and the half-space
(z ≥ h) is designated as medium (2) with displacement
propagation
direction
h
y
z
x
Medium (2)
FIG. 10. System coordinates used for the Love wave device.
u
(2)
1 (y, z, t), density ρ2 and elastic constants dij . Con-
sidering a Love wave (u2 = u3 = 0) propagating in the
positive y-direction with phase velocity c, and assuming
a e−j(ωt−ky) dependence, the displacement field u1 can
be expressed as
u1 = f(z)e
jk(y−ct). (10)
The Christoffel’s tensor ruling wave propagation in
solid media is therefore reduced to
(Γ11 − ρc2)u1 = 0 (11)
with ρ the material density, and c = ω/k the phase ve-
locity.
The overall equation ruling wave propagation in both
materials (condensed notation) is therefore given by
ρ1,2
∂2u1
∂t2
= (c, d)66
∂2u1
∂y2
+ 2(c, d)56
∂2u1
∂y∂z
+ (c, d)55
∂2u1
∂z2
(12)
7The general solution of Eq. 12 for the medium (1) is
u
(1)
1 = (A1e
jkb1z +B1e
−jkb2z)ejk(y−ct), (13)
where A1, B1 are arbitrary constants and
b1 = (
√
A− c56)/c55, b2 = (
√
A+ c56)/c55
A = c55(ρ1c
2 − c66) + c256 (14)
Likewise, given limz→∞ u
(2)
1 = 0, the displacement
field u
(2)
1 can be expressed as
u
(2)
1 = A2e
jkb3zejk(y−ct) (15)
with
b3 =
j
√
B − d56
d55
, B = d55(d56 − ρ2c2)− d256 (16)
with ℑb3 > 0 (i.e. B > 0). The boundary conditions are
τ
(1)
13 = 0 at z = 0 (free surface), (17)
u
(1)
1 = u
(2)
1 at z = H (displacement continuity), (18)
τ
(1)
13 = τ
(2)
13 at z = H (stress continuity). (19)
But
τ
(1)
13 = c56
∂u
(1)
1
∂y
+ c55
∂u
(1)
1
∂z
(20)
τ
(2)
13 = d56
∂u
(2)
1
∂y
+ d55
∂u
(2)
1
∂z
(21)
(13) to (19) yield
A1 −B1 = 0,
A1e
jkb1h +B1e
−jkb2h = A2e
jkb3h
A1e
jkb1h −B1e−jkb2h = j
√
B
A
A2e
jkb3h (22)
Eliminating A1, B1, and A2 in (22) gives
tan θ =
√
B
A
(23)
with
θ =
(b1 + b2)kh
2
=
√
A
d55
kh (24)
It can be shown that for existence of Love waves, A >
0, B > 0. Therefore, using (14) and (16) the Love wave
dispersion relation may be written as
tan (γχ1kh) =
√
d55d66
c55c66
χ2
χ1
(25)
with
γ2 =
c66
c55
, ǫ1 =
c256
c55c66
, ǫ2 =
d256
d55d66
(26)
The bulk shear velocity in both media is given by
V1 =
√
c66
ρ1
, V2 =
√
d66
ρ2
(27)
and
χ1 =
√
c2
V 21
− 1 + ǫ1, χ2 =
√
1− ǫ2 − c
2
V 22
(28)
The conditions A > 0 and B > 0 imply
√
1− ǫ1V1 < c <
√
1− ǫ2V2 (29)
In this paper, for the considered magnetostrictive thin
film, ǫ1 = 0, since c56 = 0. Moreover, it can be noticed
(see Appendix ) that it behaves as an isotropic material
when saturated with a bias field, the magnetization be-
ing stuck in a well defined state, the elasticity remains
unchanged. The Love wave dispersion relation (25) high-
lights that C66 plays a major role in phase velocity be-
haviour with respect to a bias magnetic field. In order to
take the piezomagnetic effects into account in the ana-
lytical Love wave dispersion relation, the elastic stiffness
constants are rewritten using (4) and (5) as
C′ijkl = C
H
ijkl +
qpijnpnqqqkl
µmnnmnn
(30)
where ni are the components of the wave vector. These
enhanced elastic stiffness constants can be used in the
Love wave dispersion relation to obtain the wave veloc-
ity dependency with a bias magnetic field. A comparison
of the velocity shift under a bias magnetic field obtained
with the Love wave dispersion relation and the experi-
mental device is given in Section II B.
Using (25), the Love wave velocity shift with a bias
magnetic field can be computed with the thickness h of
the multilayered TbCo2/FeCo nanostructured thin film
deposited on Quartz ST-cut. The relative Love wave ve-
locity shift under a bias magnetic field depending on the
ratio between thin film thickness and wavelength is de-
picted in FIG. 11. The Love wave velocity shift depen-
dency with the magnetic field is assessed using the fol-
lowing relation:
∆v
v0
=
v(H = Hsat)− v(H = H0)
v(H = Hsat)
(31)
where Hsat is the saturation field of the multilayered
magnetostrictive thin film (around 1000 Oe), and H0,
the zero applied field. The maximum relative Love wave
velocity shift is close to 18% for a ratio h/λ close to 1.
The fabricated Love wave device reported in Section II,
shows only a ratio h/λ close to 0.008, leaving room for
improvement.
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FIG. 11. Relative Love wave velocity shift under a bias mag-
netic field as a function of the ratio between thin film thickness
and wavelength computed at 400 MHz.
z
FIG. 12. 3D model of the fabricated Love wave device.
II. EXPERIMENTAL CONSIDERATIONS AND
DISCUSSION
A. Fabricated SAW delay line
The interaction of the multilayered magnetostrictive
thin film with pure shear surface acoustic wave was also
investigated experimentally. A SAW delay line was re-
tained as acoustic waveguide. As shown in FIG 12 and
FIG 13, a 300 µm wide and 100 nm thick (0.008λ)
14 x [TbCo2(3.7nm)/FeCo(4nm)] nanostructured uniaxial
thin film is deposited by RF-sputtering on a 500 µm thick
Quartz ST-cut substrate between two single-electrode
aluminum interdigital transducers (IDTs) with a period-
icity of 12 µm. The magnetic thin film is deposited under
a bias field to induce a preferred orientation for the mag-
netization. The propagation direction of the wave is also
the easy axis (EA) of the magnetic thin film.
FIG. 13. Photograph of the fabricated SAW delay line: the
IDTs and the TbCo2/FeCo multilayered thin film in-between
(left). Scanning Transmission Electron Microscopy picture of
the TbCo2/FeCo multilayered nanostructured thin film (over-
all thickness: 100 nm) (right).
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FIG. 14. Frequency response of the realized SAW delay line
on Quartz ST-90° X cut after deposition of the TbCo2/FeCo
thin film in the frequency range [200-1300] MHz showing the
first (SH1) and third harmonics (SH3) of the shear-horizontal
mode.
B. Device characterization and Discussion
The complex forward transmission S21 of the delay
line, was measured with a vector network analyzer (Ag-
ilent 8753ES) with an input power of P = 1 mW. The
acoustic signal resulting from the SAW transmission was
isolated from spurious signals such as electromagnetic
crosstalk and multiple transit signals by Fourier trans-
formation and time gating, the electromagnetic crosstalk
propagating at light speed and the surface acoustic wave
five orders of magnitude slower. Therefore, these sig-
nals can be separated in time domain. The frequency
response of the signal transmitted between the IDTs af-
ter thin film deposition is shown in FIG. 14. The first
and third harmonic of the pure shear-horizontal appear
clearly on this electrical characteristic at 410 MHz and
1.2 GHz, respectively.
The magnetization of the multilayered TbCo2/FeCo
nanostructured magnetostrictive thin film when biased
with a varying magnetic field along its hard and easy axis
has been measured with a Vibrating Sample Magnetome-
ter (VSM) and is reported in FIG. 6. The anisotropy field
HA is estimated to be around 200 Oe. The measurements
confirm that the magnetization remains in the plane of
the film and shows a preferred orientation along the easy
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FIG. 15. S21 response of the SAW delay line at its fundamen-
tal frequency when biased with a magnetic field along the
hard axis of the multilayered TbCo2/FeCo nanostructured
thin film.
axis, hence the uniaxial anisotropy. The variation of the
orientation of the magnetization, is determined from the
magnetization curve. It is assumed that, as the mag-
netic field decreases from a saturated state along the hard
axis, the magnetization homogeneously rotates towards
the easy axis in a ’Stoner-Wohlfarth’ fashion as it was
discussed by Klimov et al. [29].
The frequency response S21 of the SAW delay line is
measured under a varying bias magnetic field for different
orientations relative to the easy axis of the multilayered
magnetic thin film. The normalized phase and ampli-
tude of the insertion loss are depicted in FIG. 15 for the
fundamental frequency at 410 MHz when the bias field
is applied along the hard axis. The amplitude shows a
variation of nearly 1 dB for 100 Oe variation whereas
the phase shift is around 25° for the same magnetic field
range. Given the width of the magnetostrictive thin film
(300 µm), the attenuation reaches 30 dB/cm. The S21
amplitude variation can be explained by the modifica-
tion of the acoustic impedance Z = ρv (with ρ, the thin
film density and v the wave propagation velocity), lead-
ing to a variation of the insertion loss with respect to the
magnetic field.
The equivalent piezomagnetic model described in Sec-
tion I to model wave propagation in layered magneto-
electro-elastic media was particularly used to compute
C66 elastic stiffness constant as a function of the bias
field based on the magnetization behaviour as reported
in FIG. 7. An analytical dispersion relation of the Love
wave propagating in Quartz ST-cut coated with a thin
layer (25) was obtained and used to assess the potential of
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FIG. 16. Comparison between measured SH1 phase velocity,
phase velocity shift obtained from Love wave dispersion rela-
tion and velocity shift obtained from FEM model when the
multilayered TbCo2/FeCo thin film is biased along its hard
axis at 410 MHz.
the presented SAW structure in terms of relative velocity
shift with respect to the bias magnetic field. Through S21
phase measurement, the velocity of the shear horizontal
wave has been measured as a function of the bias mag-
netic field applied with an angle relative to the easy axis
of the magnetostrictive thin film. The S21 phase shift is
converted into a phase velocity shift through the relation
∆v
v
= −∆Φ
Φ
(32)
where v is the phase velocity and Φ is the absolute phase.
In FIG. 16, the experimentally measured SAW velocity at
the fundamental frequency (magenta dots) is compared
to the Love wave velocity shift obtained through the dis-
persion relation (by including C66 and C55 magnetic field
dependency). One can notice the perfect agreement be-
tween the velocity shift obtained with the established
Love wave dispersion relation (25) and the experimen-
tal measurements. The analytical expression of the Love
wave velocity is very consistent with the coupling be-
tween dynamic strain and magnetization when the ferro-
magnetic thin film is biased with a magnetic field. The
measured velocity shift of the Love wave is 0.3% at the
fundamental frequency.
A numerical implementation of the equivalent piezo-
magnetic model was done in Comsol Multiphysics
through Partial Differential Equation (PDE) module.
The complete SAW delay line was modeled and the fer-
romagnetic thin film behaviour was taken into account
through elastic and piezomagnetic constant described in
the previous section. The overall transmission between
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the IDTs (S21 parameter) is then computed as a func-
tion of the frequency. For the main frequency of oper-
ation, the amplitude and phase of the S21 parameter is
computed as a function of the bias field considering the
magnetostrictive material as an equivalent piezomagnetic
material as described in Section I. The resulting veloc-
ity variation towards a bias magnetic field is reported in
FIG. 16. The phase shift is comparable to the experimen-
tal data and the velocity shift obtained from the analytic
Love wave dispersion relation, proving the viability of
FEM tool to deal with the magnetoelastic coupling in
SAW based piezo-electro-magnetic structures.
The typical Love wave device reported in literature
[5, 13] usually comes with a silicon dioxide guiding layer
deposited on the Quartz substrate to increase the wave
confinement thanks to its lower shear velocity (close to
3764 m/s) to respect the Love wave existence condition
(29). In the proposed structure, the multilayered magne-
tostrictive thin film acts itself as a very effective guiding
layer, its shear velocity being close to 1800 m/s (27), of-
fering a high contrast with the substrate shear velocity
(close to 5000 m/s), better than the one obtained with
the silicon dioxide. Therefore, the wave energy is mainly
confined in the upper layer, improving the surface acous-
tic wave interaction with the magnetostrictive thin film.
These preliminary results show a very good agreement
between the equivalent piezomagnetic model and the ex-
perimental measurements. As reported above, this model
describes the magnetoelastic coupling occurring in fer-
romagnetic thin films and does not take into account
any resonant coupling between spin wave and acoustic
wave (ferromagnetic resonance). The TbCo2/FeCo thin
film shows a giant magnetoelastic coupling inducing large
wave propagation velocity shift, but any evidence of the
coupling between spin wave and acoustic wave was ob-
served at the operating frequencies (fundamental and
third harmonic). A possible reason may be linked to the
hypothetical severe damping occurring in such ferromag-
netic thin film, preventing the magnetization precession,
but this point needs further investigations. As it stands,
a pure magnetoelastic coupling model is perfectly able to
explain what is observed experimentally in surface acous-
tic waveguide coated with a ferromagnetic thin film.
Magnetic field sensor response to different bias field ori-
entation relative to the easy axis was investigated. The
S21 phase is measured for bias field orientation ranging
from -90° to 90° with a step angle of 10° and a magnitude
swinging from -2000 Oe 2000 Oe. The phase shift is con-
verted into a velocity shift with the relation given in (32)
and the result is reported in FIG. 17 for the fundamental
frequency. As highlighted in the inset, as the bias field
orientation gets closer to the hard axis, the velocity varia-
tion shows an increasingly recessed ’valley shaped’ behav-
ior. This is clearly the signature of the ΔE-effect [3], the
velocity shift owing initial softening of elastic constants
and then stiffening as applied field is increased. This val-
ley shape is occurring around the anisotropy field of the
multilayered magnetostrictive thin film close to 200 Oe.
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FIG. 17. 3D view of phase velocity shift shape depending on
bias magnetic field orientation. The inset shows overlaid cuts
of the 3D figure for different orientations of the bias magnetic
field. For the measurements carried along the hard and easy
axis, the 3D figure is projected onto a plane (shaded figures)
to highlight the velocity shift sensitivity with respect to the
magnetic field.
Indeed, in multilayered TbCo2/FeCo magnetostrictive
thin film exhibiting in-plane uniaxial anisotropy, a high
susceptibility to the external driving field can be obtained
in the vicinity of a field-induced Spin Reorientation Tran-
sition (SRT) [29] when the static external bias field is
applied perpendicular to the easy axis (EA) with a mag-
nitude equal to the anisotropy field HA. Therefore, for
a bias field close to that value, the elasticity of the mag-
netostrictive material becomes very soft due to magnetic
in-plane rotation (hence the ’valley shape’) and highly
sensitive to an external perturbation thanks to the Spin
Reorientation Transition.
Measurements were also performed on the third har-
monic SH3 of the shear horizontal mode at 1.2 GHz. The
normalized phase and amplitude of the insertion loss are
depicted in FIG. 19 when the bias field is applied along
the hard axis. The amplitude shows a variation of nearly
15 dB for 100 Oe variation whereas the phase shift is
around 250° for the same magnetic field range. Given
the width of the magnetostrictive thin film (300 µm), the
attenuation easily reaches the value of 500 dB/cm. As
a recall, the same measurements performed at the fun-
damental frequency gives only 30 dB/cm of attenuation
and 25° of phase shift. The S21 variation towards a bias
magnetic field are much more pronounced for the third
harmonic (thus, an increase in sensitivity), due to a bet-
ter confinement of the acoustic wave energy in the mag-
netostrictive thin film (as the frequency increases, the
wavelength shortens). The corresponding velocity shift
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FIG. 18. Comparison between measured SH3 phase velocity
and velocity shift obtained from Love wave dispersion relation
when the multilayered TbCo2/FeCo thin film is biased along
its hard axis at 1.2 GHz.
is compared with the Love wave velocity obtained from
(25) and reported in FIG. 18. The velocity shift is as
high as 2.5% at the third harmonic, which corresponds,
as the film thickness is only 0.8% of the wavelength, to
a variation of the elastic properties of the thin film close
to 100%. One may further note that the ’valley shape’
around the anisotropy field (HA = 200 Oe) is less recessed
compared to the fundamental frequency. This behaviour
is not well explained yet but remains under investigation.
Moreover, it can be noticed that the velocity is lower as
the frequency increases, proving the better confinement
of the Love wave in the upper layer, the velocity getting
closer to the shear velocity of the magnetostrictive thin
film. Therefore, the increase of the frequency by a fac-
tor of three leads to an increase of the sensitivity not by
three, but by a factor of roughly ten. This behaviour
is explained by the dispersive nature of the Love wave
as the frequency increases. The design of SAW devices
operating at high frequency should increase quite sub-
stantially this shift (as depicted in FIG. 11) and thus,
the sensitivity of SAW based magnetic field sensors. As
highlighted in FIG. 19 (black dashed line), there is a close
relation between the S21 frequency response towards a
bias magnetic field and the magnetization state of the
magnetoelastic thin film. Indeed, the hysteretic nature
of the multilayered magnetic thin film is reflected in the
S21 amplitude and phase. The minima are correlated to
the ’jump’ of the magnetization around zero field, both
with increasing or decreasing magnetic field. This ’jump’
occurring when the magnetization is relaxing from a sat-
urated state along the hard axis corresponds to a brutal
reorganization of the magnetization when crossing zero
field as it was discussed by Tiercelin et al. [32]. More-
over, the fabricated SAW delay line is behaving like a
bipolar magnetic field sensor. Indeed, the S21 charac-
teristic shows a crossing with opposite slope around zero
field. This behaviour is only noticeable on the amplitude.
Therefore, the SAW device is able to sense the direction
of small magnetic field without any kind of polarization.
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FIG. 19. TbCo2 /FeCo thin film magnetization character-
istics along the hard axis (top). Normalized Insertion Loss
(S21) of the SAW delay line at 1.2 GHz (phase (middle) and
magnitude (bottom)). In both figures, the dashed line rep-
resents measurements from left to right and solid lines from
right to left starting from a saturated state.
CONCLUSION
In conclusion, giant magnetoelastic coupling in Love
wave acoustic waveguide has been investigated in this
paper. Pure SH wave propagating in Quartz ST-90°X
cut was chosen for the sake of simplicity and get a better
understanding of the magnetoelastic coupling in piezo-
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electro-magnetic media. An equivalent piezomagnetic
model was developed to assess the elastic constants
variation as a function of the bias magnetic field in the
piezomagnetic composite as well as the velocity shift
induced through ΔE/G-effect. Measurements performed
on a SAW delay line coated with a uniaxial multilayered
TbCo2/FeCo nanostructured thin film were compared
with very good agreement to the predictions of the model
for the fundamental and third harmonic. A maximum
velocity shift of 2.5% was reached when biased along
its hard axis, taking advantage of the SRT occurring in
such multilayered thin film. The attenuation induced
by the magnetostrictive thin film in this configuration
easily reached 500 dB/cm. Given the magnetization of
the considered ferromagnetic thin film, the equivalent
piezomagnetic model proved to be very accurate to
assess SAW propagation velocity variation in piezo-
electro-magnetic composites and will be further used as
a predictive tool to propose advanced designs. Resonant
coupling between magnon-phonon was not observed in
our structure but exalted velocity variations can be
expected due to the resonance phenomenon. True nature
of surface acoustic wave interaction with ferromagnetic
thin films remains an open debate and magnon-phonon
coupling will be the subject of further work. The giant
magnetoelastic coupling reported in this work could be
used in magnetic field sensor applications, where higher
frequency of operation, optimized multilayered thin
films with higher magnetoelastic coefficient bγ,2 and a
lower anisotropy field can further increase the sensitivity.
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Appendix:
The evolution of the elastic stiffness constants Cijkl
of the ferromagnetic thin film with respect to the mag-
netic field is numerically computed using (7) and Table I.
The magnetization state of the ferromagnetic thin film is
taken into account through experimental measurements
and implemented in the model. The reported results are
obtained for a bias magnetic field applied along the hard
axis of the ferromagnetic thin film.
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FIG. 20. Magnetic field dependency of the elastic stiffness constant tensor when a bias magnetic field is applied along the hard
axis of a multilayered TbCo2/FeCo thin film Quartz ST-X90° cut.
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